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The two-part series of papers presents the results of a study of the crushing behavior of open-cell Al
foams under impact. In Part I, direct and stationary impact tests are performed on cylindrical foam spec-
imens at impacts speeds in the range of 20–160 m/s using a gas gun. The stress at one end is recorded
using a pressure bar, while the deformation of the entire foam specimen is monitored with high-speed
photography. Specimens impacted at velocities of 60 m/s and above developed nearly planar shocks that
propagated at well-deﬁned velocities crushing the specimen. The shock speed vs. impact speed, and the
strain behind the shock vs. impact speed representations of the Hugoniot were both extracted directly
from the high-speed images. The former follows a linear relationship and the latter asymptotically
approaches a strain of about 90% at higher velocities. The Hugoniot enables calculation of all problem
variables without resorting to an assumed constitutive model. The compaction energy dissipation across
the shock is shown to increase with impact velocity and to be signiﬁcantly greater than the correspond-
ing quasi-static value. Specimens impacted at velocities lower than 40 m/s exhibited response and defor-
mation patterns that are very similar to those observed under quasi-static crushing. Apparently, in this
impact speed regime inertia increases the energy absorption capacity very modestly.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Cellular materials, both natural and synthetic, possess unique
mechanical, thermal, acoustical and other properties that make
them attractive in a broad range of applications (e.g., see Gibson
and Ashby, 1997). Mechanically they have superior speciﬁc stiff-
ness and strength, which combined with outstanding energy
absorption capacity make them attractive as cores in sandwich
construction and in a variety of impact mitigation applications.
Synthetic cellular materials and foams are manufactured from
polymers, metals, as well as more brittle materials such as carbon.
Foams have a polyhedral cellular microstructure and relative den-
sities (q⁄/q  density of foam/density of base material) of about 1%
at the lower end and 15% at the other extreme (e.g., Hilyard and
Cunningham, 1994; Ashby et al., 2000). Their cells can be open or
closed: in the ﬁrst case the material is concentrated in the nearly
straight edges of the polyhedra, and in the nodes at which they
intersect; in the latter case the cell faces are covered with thin
membranes or plates.
Despite this variety of materials and microstructures, all but
the brittle base material foams share a qualitatively common com-
pressive stress-shortening response like the one shown in Fig. 1a
for an aluminum alloy open-cell foam (r11  nominal stress,
d1/H1  shortening/original height—from Jang and Kyriakides,2009). It consists of an initial stiff linearly elastic regime that ter-
minates into a local stress maximum. This is followed by a load
plateau that extends to an average strain of about 55% followed
by a second stiff branch. It has been now established that the load
maximum constitutes the onset of localized buckling and collapse
of cells. In such random microstructures localization starts at sites
with the largest ‘‘weaknesses,’’ but subsequently organize them-
selves into one or more irregular bands as shown in image r in
Fig. 1b (taken by X-ray tomography). With continued compression,
the crush bands broaden by successive destabilization of neighbor-
ing cells. Thus in images crushing has consumed the lower half of
the specimen, in image t approximately two-thirds, and nearly
the whole domain in imageu. By this time the height of the spec-
imen is down to 45% of its original height and the material has
reached a nearly uniform state of deformation—densiﬁcation re-
gime. Its original relative density was only 8.8% and therefore the
specimen can undergo signiﬁcantly more compaction, but from
now on in a stable manner resulting in the increasingly stiffer re-
sponse exhibited beyond pointu in Fig. 1a. It is important to point
out that the deformation in the specimen remained inhomoge-
neous up to d1/H1  55% and thus the response between the initial
load maximum and this point cannot be assumed as ‘‘the material
response.’’ Furthermore, the small increase in the stress exhibited
in Fig. 1a between shortening ratios of 35% and 55%, is caused by
variations in density, anisotropy, and by some strengthening from
the ends that were bonded to thin plates. The relatively small size
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Fig. 1. (a) Quasi-static nominal stress-shortening response of Al foam in rise direction and (b) select X-ray tomography images showing evolution of crushing–numbers
correspond to bullets on response in Fig. 1a (compression test R10-2 from Jang and Kyriakides, 2009).
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cells).
The low initial stress peaks and extended load plateaus of such
foams constitute excellent energy absorption characteristics and
make them attractive in a variety of impact mitigation and blast
protection applications. For this reason, their behavior under dy-
namic loading has been of practical interest and the subject at-
tracted signiﬁcant attention from the mechanics research
community particularly since the mid-1990’s. It has long been
established in the shock physics community that material systems
with adiabatic compression modulus that increases with further
compression, such as that for the foam in Fig. 1a, can be expected
to develop stable shocks (e.g., see Bethe, 1942). Herrmann (1969)
illustrated this for a class of porous metals, an application that is
related to modern foams but with a much larger relative density.
He assumed a functional dependence for the pressure-porosity,
developed the shock conditions, and adapted the assumed function
by comparing his results with experimental results. Marsh (1980)summarized shock Hugoniot data from LANL for a large number
of solids. Morris (1991) outlined Los Alamos shock data for solids
and presented the linear Hugoniot for a polystyrene foam at parti-
cle velocities of 3–6 km/s. Skews et al. (1991) used a shock tube to
impact a polyester foam (elastic material, q⁄/q  0.05), with a
Mach 1.4 shock and monitored the deformation of the foam with
high-speed photography. This resulted in a nearly constant stress
loading behind the reﬂected shock. Although the primary focus
of this study was on the interaction between the gas and the
open-cell foam, their imagery clearly revealed the formation of a
shock that travelled from the impacted surface into the foam spec-
imen. Zaretsky and Ben-Dor (1995) assumed that the shock charac-
teristics of elastic polymeric foams can be evaluated from their
quasi-static ‘‘stress–strain’’ response. They constructed a stress–
strain response for elastic polymeric foams with an initial concave
part followed by a strongly convex one. Using this, and by impos-
ing the expected linearity of the shock speed-particle velocity
relationship, they derived shock Hugoniot for foams of various
Fig. 2. Computed X-ray tomography image of 10 ppi Al alloy foam with
q⁄/q = 0.0816 (from Specimen QS3 in Table 2).
Table 1
Main parameters of impact experiments on Al foams.
Exp.
No.
Vi m/s Type mb
(backing) g
mf
(foam) g
ho
mm (in)
q=q
DY8 21.6 Direct 1791 46.8 103 (4.05) 0.0830
DY13 35.1 Direct 1561 46.0 104 (4.09) 0.0822
DY9 39.0 Direct 1791 46.4 103 (4.04) 0.0826
DY10 65 Direct 357 47.0 103 (4.07) 0.0829
DY4 90 Direct 181 47.3 102 (4.03) 0.0840
DY3 91 Stationary 141 23.4 51 (2.00) 0.0838
DY12 124 Stationary 178 46.3 104 (4.08) 0.0818
DY6 127 Direct 131 46.9 103 (4.06) 0.0831
DY11 158 Direct 83 46.3 103 (4.07) 0.0822
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response does not exist until well into densiﬁcation, and the dy-
namic densiﬁcation does not necessarily coincide with the quasi-
static one.
A number of experimental studies, most prominently by Reid
and co-workers, involving impact testing of cellular materials, ob-
served the formation of shocks when impacted above some ‘‘criti-
cal’’ speed and an apparent increase in the ‘‘crushing’’ stress and
energy absorption capacity. Reid and Peng (1997) conducted Tay-
lor impact tests on three types of wood and reported the formation
of shocks and a signiﬁcant increase in the dynamic energy absorp-
tion capacity. Due to limitations of the experimental set-up shock
speeds were not recorded. The results were analyzed by assuming
a rigid-perfectly-plastic-locking (or rigid), r-p-p-l approximation of
the quasi-static compressive response of the material. This was fol-
lowed by more extensive experiments of the same type on Hydro/
Cymat Al–Si–Mg closed-cell foams (Tan et al., 2005a), and more re-
cently on Al alloy Duocel open-cell foam (Tan et al., 2012). In both
cases a backing mass was used in the direct impact tests, shock
behavior was observed above a ‘‘critical’’ impact speed, and ‘‘signif-
icant enhancement of the plastic collapse stress’’ at all impact
velocities was reported (Tan et al., 2005b). The results were again
analyzed using mainly the r-p-p-l approximation of the quasi-sta-
tic material response. Elnasri et al. (2007) contributed to the sub-
ject with impact tests on Alporas and Cymat Al closed-cell foams,
Ateca nickel hollow spheres, and Al honeycombs. They expanded
the scope of the experiments by conducting both direct and sta-
tionary impact tests thus establishing the stresses on both sides
of their specimens. In addition, high-speed photography coupled
with digital image correlation (DIC) was used to monitor the evo-
lution of deformation in the specimens. They were able to report
the formation of shocks, some information on the shock velocity
and the strain across it. In analysis of the results (Pattofatto
et al., 2007), when calculating the ‘‘densiﬁcation strain’’ they re-
placed the r-p-p-l with a more representative powerlaw ﬁt of the
convex part of the quasi-static response.
Radford et al. (2005), using high-speed photography reported
the formation and propagation of shocks in Taylor impact tests
using closed-cell Alporas foams (q⁄/q = 0.11,Vi = 381 m/s) as well
as dynamic enhancement of the energy absorption capacity. Ne-
mat-Nasser et al. (2007), using high-speed imaging reported the
formation of shocks in stationary impact tests on Al alloy Duocel
foams (Vi = 52.6 m/s). Lee et al. (2006) conducted direct and sta-
tionary impact tests on Duocel foam at speeds in the range of
60–85 m/s. They used high-speed photography and DIC and ob-
served shocks in several experiments. They analyzed their results
using the fundamental shock equations but did not develop a
Hugoniot from their tests adopting instead the r-p-p-l approxima-
tion of quasi-static responses. Most recently Zaretsky et al. (2012)
conducted impact experiments on a ﬂexible polyurethane foam
with relatively high relative density and reported the formation
of shocks. Furthermore they were able to develop shock speed-par-
ticle velocity and other representations of the Hugoniot directly
from their measurements. Al-alloy foam Hugoniot were also re-
ported in Maines et al. (2010) but the foams were ﬁrst compacted
to a relative density of about 50% and subsequently impacted at
velocities in the range of 1–4 km/s.
In summary, althoughmany underlying features of the behavior
of cellular materials under impact loadings have been established
from this body of work, with one notable exception the quantita-
tive analysis of the measurements has involved either of the fol-
lowing assumptions: (i) that the quasi-static crushing response is
a material response, and (ii) that its behavior in the densiﬁcation
regime, or an approximation of it, is representative of the dynamic
densiﬁcation strain. Assumption (i) is clearly refuted by results
such as those in Fig. 1 and many other sources (e.g., Jang andKyriakides, 2009 for metal foams; Gong et al. (2005) for polymeric
foams). The validity of assumption (ii) will be evaluated in light of
the experimental results that follow.
With this as background, the ﬁrst objective of the present study
is to conduct experiments designed to provide a more complete
characterization of dynamic crushing and shock formation. Thus,
in Part I of this two-part series of papers, we report results from
a series of impact tests on Al-6101-T6 open-cell foam that enable
direct measurement of the shock characteristics and the associated
Hugoniot without resorting to a constitutive model. In addition we
probe the transition region between no-shock and shock behavior.
In Part II we use micromechanically accurate models of the foam to
simulate the impact experiments and to conduct a wider paramet-
ric study of the problem.2. Experimental set-ups and procedures
The foam analyzed originated from the same batch of Duocel
Al-6101-T6 open cell foams used in the quasi-static crushing study
of Jang and Kyriakides (2009). The foams are nearly monodisperse
but, because they are cast into a mold formed from polymeric foam
templates, their cells retain the usual elongation in the rise direc-
tion that is characteristic of such foams. The specimens tested here
Fig. 3. Experimental set up used to perform the impact tests. (a) Schematic and (b) photograph.
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an average relative density q⁄/q  0.083 (see Fig. 2; individual val-
ues appear in Table 1). Two-inch (51 mm) diameter cylindrical
specimens were extracted from a larger block of foam using wire
EDM. The specimens had lengths of either 4.0 or 2.0 in. (102 or
51 mm) and were approximately aligned with the rise direction
of the foam. The initial geometry of the microstructure was re-
corded by scanning the specimens using computed X-ray tomogra-
phy (e.g., Fig. 2).
Similar to previous studies, the foam specimens were crushed
dynamically by using a gas gun to ﬁre a mass at a stationary spec-
imen attached to a pressure bar or by accelerating the specimen
and a backing mass and impacting the bar. We name the former0
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Fig. 4. Proximal stress-time history from a direct impact test on a foam specimen
with initial impact speed of 90 m/s.as stationary and the latter direct impact tests. The experimental
setup used is shown schematically in Fig. 3a and in a photograph
in Fig. 3b. The gas gun has a 60 in (1500 mm) long stainless steel
barrel with a 2.015 in (51.2 mm) bore. It operates with compressed
air stored in a pressure vessel with a maximum operating pressure
of 400 psi (27.6 bar). At this pressure a mass of 250 g can be accel-
erated to 250 m/s (see Barnes, 2012 for more details on the design
of the gas gun). The stress in the impacted specimen is monitored
using a 96 in (2440 mm) long pressure bar equipped with three
strain gage stations as shown in Fig. 3a (C350 maraging steel that
was centerless ground and hardened by heat treating; wave speed
4920 m/s). To increase the strain measurement sensitivity, the bar
diameter was kept at 0.507 in (12.9 mm) which dictated the instal-
lation of a 2.49 in (63.2 mm) diameter, 0.992 in (25.2 mm) long an-
vil at the receiving end of the bar as shown in the ﬁgure. This
mismatch of impedance implies that the short time response can-
not be extracted accurately unless the details of the wave propaga-
tion through the anvil-bar interface are modeled completely either
analytically or numerically (e.g., see Tan et al., 2005a); such extrac-
tions will not be attempted here. Furthermore, the stress in the
specimen is calculated from
r ¼ Abar
Aspec
 
Ebarebar; ð1Þ
which requires the crushing event to last for a signiﬁcantly longer
duration than the wave transit time through the anvil, which in turn
requires the foam specimen to be relatively long. In addition, dis-
persion of the waves propagating through the bar—a long 1-D
wave-guide—must be considered. However, even at the largest im-
pact speed used here, the duration of the event was about 0.75 ms
A.T. Barnes et al. / International Journal of Solids and Structures 51 (2014) 1631–1645 1635so that the dominant wavelengths corresponding to this (3.75 m)
are signiﬁcantly larger than the rod diameter, implying that disper-
sion can be neglected.
The long duration of the impact, particularly at lower speeds,
implies that the strain pulse within the bar is quite long and will
encounter reﬂection from the end of the bar. Thus, the incident
strain pulse ei(t) reﬂects from the end of the bar as er(t + s) and
superposes over the incident signal with a different delay time,
si, i = 1, 3, at each strain gage station. Since the incoming pulse is
known for t < s, proper accounting of the reﬂection can be taken
to extract the correct pulse. If additional reﬂections occur they
are corrected for in a similar fashion.(a)
Fig. 5. (a) Sequence of images from the high-speed video recording corresponding to t
superposed on the photographic images that illustrate shock formation and propagationThe ampliﬁed strain gage bridge outputs are monitored with a
high-speed data acquisition system (50,000 samples/s). Holes,
drilled at the barrel exit to minimize the force acting at the end
of the projectile after exiting, are also used to pass a laser beam
though the barrel. The beam returns through a second set of holes
to a photo-detector shown in Fig. 3a. The projectile interrupts the
two beams at different times allowing calculation of its exit veloc-
ity (actual velocity at impact measured from the high-speed video
recordings). The ﬁrst interruption also serves to trigger the data
acquisition system.
The deformation of the specimen is monitored using a Photron
Fastcam SA1.1 high-speed digital camera. The camera was usuallyimes marked on the stress history with numbered bullets. (b) DIC strain contours
.
(b)
Fig. 5 (continued)
Fig. 6. Position vs. time diagram of a slice of foam from a direct impact experiment
at Vi = 90 m/s.
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tings allow the capture of images over a periodof 1.9 s. The imagesof
interest to the impact test were subsequently saved using the Pho-
tron Fastcam Viewer software. The recorded images and the strain
gage signalswere synchronized by selecting a relevant event as time
zero (e.g., ﬁrst contact of foam specimen with the anvil).
The experiments carried out involved impact velocities ranging
from about 20 to 160 m/s. The cylindrical projectiles used had
diameters matching that of the bore of the gun (2.0 in – 51 mm).
They were made from polycarbonate for higher velocity tests and
copper for lower velocity tests. Their mass was selected so that
the kinetic energy on exit was larger (e.g., 2) than the quasi-static
crushing energy of the foam at densiﬁcation (as deﬁned in the
Section 1).Fig. 7. Deﬁnition of shock and other problem variables for (a) a direct impact test
and (b) a stationary impact test.3. Experimental results
3.1. Results from a typical direct impact experiment that develops
shocks
We now use results from a direct impact experiment to illus-
trate the basic physics of shock formation in such foams. The spec-
imen was accelerated along with a polycarbonate backing mass of
181 g to an impact velocity of Vi = 90 m/s (KE  twice the quasi-
static crushing energy). The specimen had an initial height of
4.03 in (102 mm) and the mass and relative density listed in Ta-
ble 1. Fig. 4 shows the recorded stress-time history and Fig. 5a aset of images from the high-speed video record that correspond
to the numbered bullets on the response (the stationary anvil is
on the left and the traveling backing mass is coming in from the
A.T. Barnes et al. / International Journal of Solids and Structures 51 (2014) 1631–1645 1637right). Image is at t = 0.025 ms, imager at 0.125 ms and subse-
quent images up to y are separated by 0.125–0.150 ms while im-
age z corresponds to t = 1.10 ms. As noted above, the impedance
mismatch at the anvil/bar interface tends to smooth out features
that have a short duration. In particular, the signal for t < 0.3 ms
is distorted and, consequently, rather than the expected initial
sharp rise in stress, the recorded value rises gradually until the
time corresponding to image s. From t  0.3 ms to 0.925 ms the
stress on the anvil remains relatively constant.
In image in Fig. 5a the foam has already established contact
with the anvil crushing a narrow band of material. In image r a
sharply deﬁned crush front has developed at the foam-anvil inter-
face. In images s to x the front is seen to propagate towards the
incoming backing mass remaining nearly planar. Behind the front,
the foam appears signiﬁcantly crushed and densiﬁed while ahead
of it the material appears essentially undeformed. It is interesting
to observe that the width of the crushed section has increased
slightly.
The shock formation and propagation is also illustrated in
Fig. 5b that shows three images of the deforming foam that have
been post-processed using digital image correlation (DIC). Here,
the surface of the foam itself provides a random speckle pattern
that can be correlated between images by the software (ARAMIS)
to determine the surface strain. Thus, the color scale represents
levels of strain. In this case, because of the large strain jumps
(60%) across the shock, the system loses correlation and hence
we have chosen to show results at smaller strain levels. The three
images correspond to the times marked by numbered bullets on
the response in Fig. 4. Image at t = 0.025 ms shows the formation
of a sharp front of localized deformation at the anvil. Image r at
0.125 ms shows the front to have propagated towards the incom-
ing mass while behind it the material is crushing to a high enough
deformation for the DIC to lose correlation. Image t at 0.400 ms
shows the nearly planar front to have moved to the right leaving
behind compacted material. In all three cases the traveling part
of the specimen is seen to remain essentially undeformed.
Returning to Fig. 5a, in image v where more than half of the
foam is seen to have been crushed, the front exhibits a modest loss
of axial symmetry in the proﬁle of the specimen. The asymmetry
becomes more prominent in imagew where the front temporarily
develops a small inclination. We speculate that this may have been
caused by imperfections in the geometry of the local cells or by a
local zone of higher density or anisotropy. Despite this, between
images s at 0.25 ms and x at 0.875 ms the recorded stress re-
mains relatively unchanged pointing to a nearly steady-state evo-
lution of events. At 0.925 ms the front has reached the backing
mass and the recorded stress takes an upturn; this time is deﬁned0
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Fig. 8. Velocity proﬁles for a direct impact test at Vi = 90 m/s.as t2. Subsequently, the already crushed foam undergoes further
compaction that can be seen in imagesy andz (and more clearly
in movie ExpDY4V90 in the supplementary data).
Using a slice out of the center of each image of the deforming
specimen in the video record, we assembled the position-time
(x  t) diagram shown in Fig. 6 (images separated by 25 ls inter-
vals). On the left is the nearly stationary anvil and on the right is
the traveling foam and backing mass (the latter does not come into
the ﬁeld of view immediately). Between times t0 and t1 the foam
and backing mass are traveling freely at 90 m/s with its front trac-
ing a linear trajectory with a slope corresponding to this velocity.
The foam with the round behind it strikes the anvil at t1 and crush-
ing begins at the foam–anvil interface. The crushing front propa-
gates towards the backing mass while the backing mass
continues to travel towards the anvil. The position of the crushing
front is represented by the locus of points in yellow, which appear
to trace a nearly straight line indicating a nearly constant velocity
(in reality the trajectory is somewhat curved at later times). The
velocity of the backing mass, which is the same as the particle
velocity of the intact foam, is represented by the slope of the locus
of points formed by the foam-backing mass interface; it is some-
what curved indicating a gradual reduction in its velocity. At time
t2 the crush front reaches the backing mass and subsequently the
crushed foam undergoes additional compaction. From time t1 for-
ward the anvil experiences a small motion that is reﬂected by the
slightly curved trajectory of its front edge.
Clearly, the two regimes of deformation separated by a travel-
ing sharp front are pointing to shock dynamics. Fig. 7a shows sche-
matically such a shock propagating at a steady state in a foam
specimen in a direct impact test, such as the one described above,
and the associated problem variables. The foam specimen has an
initial length ho; in the partially crushed conﬁguration shown the
crushed section has a length hc and the intact section hi. The veloc-
ities of the backing mass (Vb), the crush front (Vc), and of the shock
(_s) are evaluated from the complete video record. The images are
separated by 25 ls so a three-point centered moving average is
used to extract these velocities as follows:
Vb ¼ DxbDt ; Vc ¼
Dxc
Dt
; _s ¼ Dhi
Dt
; ð2aÞ
where xc = hc, and s is the original length of the crushed section
(undeformed length) given by
s ¼ ho  hi: ð2bÞ
Fig. 7b shows schematically the propagation of a shock in a station-
ary impact test and the relevant problem parameters. In this case
the shock starts on the LHS at the impacted surface and propagates
towards the stationary anvil. We note that in cases where the anvil
moves, usually slightly, the velocity measures in Eq. (2) were cor-
rected to include this motion.
Fig. 8 shows the absolute values of the three velocities vs. time
extracted from the images of the specimen impacted at a velocity
of 90 m/s. The ﬂuctuations in the plots, especially for _s and Vc, are
due to the discrete nature of the measurements and due to difﬁ-
culty in accurately identifying the position of the shock front—as-
sumed to be a sharp planar discontinuity but in reality has a
ﬁnite thickness and can be somewhat ragged. Once again t2,
marked with a dashed line, corresponds to the time when the
shock reaches the anvil. The backing mass velocity, which ﬂuctu-
ates less than the other two, is seen to gradually decrease from
90 m/s to approximately 64 m/s at t2. Beyond this time the backing
mass decelerated rapidly. The shock front velocity is higher than
that of the backing mass and of opposite sign (see Fig. 7a).
Although the data appears noisy, a gradual decrease can be in-
ferred. The crush front velocity is the lowest and although again
noisy appears to remain relatively unchanged.
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velocity, and the particle velocities behind and ahead of the shock
are sufﬁcient to completely characterize the dynamic crushing of
the foam using the conservation laws as discussed in the next sec-
tion (i.e., without invoking any constitutive model for the
materials).
3.2. Shock equations
The classical jump conditions in Lagrangian form representing
conservation of mass, momentum, and energy applied to plane
longitudinal shocks can be expressed as follows (Davison, 2008):
qo _ssq
1tþ sVt ¼ 0; ð3aÞ
qo _ssVtþ srt ¼ 0; ð3bÞ
and qo _ssU þ 12V
2tþ srVt ¼ 0 ð3cÞ
Here, sgt ¼ gþ  g is the jump operator with g+ representing the
value of a variable ahead of a discontinuity and g the value behind
it; s is the position of the discontinuity in the undeformed conﬁgu-
ration and _s its velocity. The variables {q,V,r,U} are respectively the
mass density, particle velocity, nominal stress, and strain energy
density. Given an initial state {q,V,r,U}+ the unknown quantities
{q,V,r,U} and _s can be determined from Eq. (3). Typically, the par-
ticle velocity or stress behind the shock is imposed. Determination
of the remaining variables without resorting to a constitutive model
requires one more measurement, such as that of the shock speed.
Thus, the shock state can be established by conducting experiments
at different speeds and developing the V  _s Hugoniot, where V is
the particle velocity behind the shock. In our experimental setups
shown schematically in Fig. 7, one of the velocities is imposed
and one of the stresses is measured: (V+,r) for direct impact tests
and (V,r+) for stationary impact. We will thus aim to develop from
the measurements a relationship between the imposed velocity and
the shock speed, i.e., the Vb  _s Hugoniot (Vb is approximately equal
to V for stationary impact tests and V+ for direct impact tests).
Referring again to Fig. 7, assuming that the transverse strain is
negligibly small, the density jump sq1t can be expressed as:
1
qþ
 1
q
 
¼ 1
qo
 hc
qos
 
¼ 1
qo
s hc
s
 
¼ eH
qo
ð4Þ
where qo is the initial density of the material assumed to remain
unchanged ahead of the shock, s is as deﬁned in (2b), and eH is
the strain behind the shock that we will refer to as the Hugoniot
strain. Thus, the conservation of mass Eq. (3a) can be written as:
_seH ¼ ðVþ  VÞ: ð5Þ
In addition, (3b) and (3c) can be written as:
rþ ¼ r  qo _sðVþ  VÞ ¼ r  qo
ðVþ  VÞ2
eH
; ð6Þ
qoðUþ  UÞ ¼
1
2
ðrþ þ rÞeH: ð7Þ0.45
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Fig. 10. Hugoniot strain-backing mass velocity relationship assembled from several
shock experiments.3.3. Discussion of shock results
A series of direct and stationary impact experiments similar to
the one described in Section 3.1 were conducted covering initial
impact velocities of 20 6 Vi 6 158 m/s (see Table 1). Clear shock
behavior was observed for impact velocities starting at 60 m/s
and higher. In all cases the velocities of the backing mass and shock
were evaluated directly from the high-speed video records and willbe used to generate the Vb  _s Hugoniot of this foam. As was the
case for the results for Vi = 90 m/s in Fig. 8, the backing mass veloc-
ity decreased gradually to some extent as the crush front traversed
the specimen. Thus, for each experiment we will report velocities
extracted using a three-point centered moving average from the
ﬁrst appearance of the shock until the time it has propagated
across the whole length of the specimen. Fig. 9 shows the Vb  _s
Hugoniot generated using sets of measurements from four direct
and two stationary impact tests. Despite some scatter the results
exhibit a nearly linear trend:
_s ¼ Aþ BVb ð8aÞ
A least squares linear ﬁt of the data yields A = 35.55 m/s and
B = 0.9797 (R2 = 0.83) and is included in the ﬁgure. Although not
necessarily expected, the linear relationship follows similar trends
of V  _s Hugoniots developed for many solids (e.g., Marsh, 1980)
and some porous materials (e.g., Morris, 1991; Maines et al.,
2010; Zaretsky et al., 2012), albeit usually at much higher impact
speeds. The constant A is usually considered to correspond to the
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ones analyzed here, this limit is not recovered because the material
deforms inhomogeneously even when the impact speed is too low
for shock formation (see Section 3.4).
A second representation of the Hugoniot relating the Hugoniot
strain to the backing mass velocity, Vb  eH, can also be generated
directly from the video images by measuring eH as deﬁned in Eq.
(4). The results appear in Fig. 10 where eH is seen to exhibit a
strong nonlinear dependence on Vb. The Vb  eH relationship can
also be obtained by combining Eq. (5) with the linear ﬁt of the
Vb  _s Hugoniot (8a), which yields:
eH ¼ VbAþ BVb : ð8bÞ
This relationship, drawn with a dashed line in Fig. 10, is seen to ﬁt
the data reasonably well, which provides conﬁdence in the mea-
surements of _s and eH. At higher velocities, the trajectory shows
an asymptotic trend towards the full densiﬁcation value of about
0.92 for this material. However, this bounding strain level is some-
what artiﬁcial as, among other reasons, the lateral strain of the
compacted foam is not zero as assumed; in fact it tends to increase
with impact velocity.
Included in Fig. 10 for comparison is the strain at the comple-
tion of the inhomogeneous crushing phase in quasi-static experi-
ments (designated as eDo and depicted by ) and in two dynamic
experiments ( ) that did not develop shocks that are described
in the next section. The quasi-static value has been estimated to
be approximately 0.55 and the other two values at 0.56 and 0.59
(all estimated at the termination of crushing). Thus collectively,
the results in Fig. 10 demonstrate that the densiﬁcation strain in-
creases signiﬁcantly with velocity, a result that refutes the adop-
tion of r-p-p-l approximation of the quasi-static crushing response.
The stress–impact velocity Hugoniot can be generated from the
measurements using the conservation of momentum Eq. (6).
Fig. 11 shows ﬁrst the measured stresses vs. Vb (i.e., r for direct
impact—4 sets—and r+ for stationary impact—2 sets). For each
set, the stresses on the opposite side ahead of the shock are evalu-
ated using conservation of momentum Eq. (6) and the measured
stress and velocities (e.g., r,V+ = Vb and _s for direct impact). Be-
cause of the somewhat lengthy rise time of our setup, stress mea-
surements used are in the interval 0:3 6 t 6 t2 ms, where the
upper limit represents the time the shock has just traversed the
whole specimen. The stress behind the shock exhibits a quadraticincrease with velocity while the stress ahead of the shock remains
relatively unchanged.
Included in Fig. 11 are values of the initiation stress, rI, recorded
in four quasi-static crushing experiments during their inhomoge-
neous crushing phase marked with (rI is the ﬁrst local stress
maximum). It is interesting to observe that the two sets of directly
measured values of r+, as well as the four sets evaluated from Eq.
(6), fall approximately at the same level as rI. Prompted by this
trend, we assign r+ the value rI, which together with the linear
ﬁt of _s in (6) results in the following expression for r:
r ¼ rI þ qoVbðAþ BVbÞ: ð9Þ
Included in Fig. 11 with dashed lines is the constant value of
r+ = rI = 360 psi (2.48 MPa) as well as the quadratic dependence
of r on Vb based on (9). Both plots are seen to agree well with
the experimental data.
At this stage it is worth pointing out that the cylindrical speci-
mens used in this study, although originating from the same block
of foam, exhibit some variation in density as well as in anisotropy.
Such variations contribute to the observed scatter in the results re-
ported thus far. As reported in Jang and Kyriakides (2009), this var-
iation in properties has a corresponding inﬂuence on quasi-static
crushing responses. Fig. 12 shows four quasi-static nominal
stress–displacement crushing responses, two taken from the
Table 2
Main parameters of quasi-static crushing experiments in rise direction of 10 ppi Al
foam.
Exp. No. q=q (%) rI psi (MPa) rP psi (MPa) eDo Uo psi (MPa)
QS-2 8.14 360 (2.48) 358 (2.47) 0.55 199.2 (1.37)
QS-3 8.16 393 (2.71) 375 (2.59) 0.55 210.9 (1.45)
R10-1 8.33 396 (2.73) – – –
R10-2 8.79 456 (3.14) 431 (2.97) 0.55 244.6 (1.69)
R10-3 8.63 446 (3.08) 424 (2.92) 0.55 242.7 (1.67)
R10-4 8.48 396 (2.73) 384 (2.65) 0.55 215.5 (1.49)
0
1
2
3
4
5
0 20 40 60 80 100 120 140 160 180
0
0.2
0.4
0.6 U
o
(ksi)
V
b 
(m/s)
Al 6101-T6    10-ppi 
127
158
90
65
124
V
i
 (m/s)
Dir. Imp.
Stat. Imp.
 8.3 %
Eq. (11)
U
o
(MJ/m3)
U
o
(
Do
)
Fig. 14. Strain energy expended across as shock vs. backing mass velocity.
200
400
600
800
1000
2
4
6(psi) (MPa)
Al 6101-T6   10-ppi 
= 8.22 %
V
i
 = 35.1 m/s
93 5 7
1
0
DY13
(a)
1640 A.T. Barnes et al. / International Journal of Solids and Structures 51 (2014) 1631–1645(2009) work and two conducted in the course of the present study
on circular cylinders similar to those used in the dynamic crushing
experiments (see summary in Table 2). Although the responses fol-
low similar trajectories and appear to all densify at about 55% of
average compressive strain, their stress trajectories vary to some
degree with Exp. R10-3 having the highest and QS2 the lowest
one. Consequently, the initiation (rI) and plateau or propagation
stress (rP) as well as the energy absorbed (Uo(eDo)) at the onset
of densiﬁcation exhibit corresponding variations. (Note that be-
cause rP in Table 2 is the average plateau stress up to d/ho = 0.55,
these values are close to those of rI.) These differences are partly
due to variations in the average density of each specimen (see Ta-
ble 2) but also due to some variation in anisotropy, which was not
measured for each specimen. Thus, for example, the X-ray tomog-
raphy image in Fig. 2 that originated from one of the specimens
tested (QS3), shows the major diameter of the elongated cells to
be somewhat off the vertical, which is the crushing direction. Spec-
imens QS2 and QS3 originated from the same neighborhood in the
foam block as the specimens used in the impact experiments. Their
values of rI appear closer to the values of r+, prompting the adop-
tion rI from QS2 in Fig. 11 and Eq. (6).
It is worth noting that Tan et al. (2012) have reported measured
values of the stress behind shocks for similar 10 and 40 ppi Duo-
cel Al foams for impact velocities up to 200 m/s (they also include
results from specimens cut from the transverse direction). Cross
plotting their two sets of results with the ones in Fig. 11, we found
them to follow a very similar trend, with the stresses for the 40 ppi
(average q⁄/q  8.9%) being very close to the present results, and
those for the 10 ppi (average q⁄/q  10%) being slightly higher.
This agreement conﬁrms what has been reported for quasi-static
properties in our previous works and by several other authors: that
the mechanical properties scale with the relative density and are
independent of cell size when the cell geometry is similar.
Another interpretation of the results is obtained by considering
the relationship between the stress and strain behind the shock, or
the eH  r Hugoniot. Fig. 13 shows results from the six shock0
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Fig. 13. Stress–Hugoniot strain plot and the Rayleigh line for the 124 m/s impact
speed experiment.experiments performed. Included in the ﬁgure are the stress values
ahead of the shock (r+) for the Vi = 124 m/s experiment, at the cor-
responding strain of e+ = 0. Connecting these two sets of data is the
shock jump or the Rayleigh line. The area under the Rayleigh line
gives the energy dissipated across the shock. Using (5), (6) and
the slope of the Rayleigh line one could also evaluate the shock
speed _s. Using (8b) to eliminate Vb from (9) leads to:
r ¼ rþ þ qoeH
A
1 BeH
 2
: ð10Þ
This expression is also plotted in the ﬁgure with a dashed line. It is
seen to follow the trajectory of the data, overestimating the highest
velocity data to some degree. This is related to the small deviation
between Eq. (8a) and the corresponding data in Fig. 10.
The energy expended across the shock can be evaluated from
Eq. (7) using measured values for the two stresses and eH, and by
assuming the foam ahead of the shock to be undeformed. Fig. 140 0
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Fig. 15. (a) Stress history from a direct impact test with Vi = 35.1 m/s. (b)
Corresponding stress–displacement response.
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Fig. 16. Sequence of images from the high-speed video recording corresponding to times marked on the stress history in Fig. 15a with numbered bullets.
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again using the data measured in the time interval 0:3 6 t 6 t2. The
results show the energy to increase signiﬁcantly with impact
speed. Included in the ﬁgure with a dashed line is the estimated
relationship using (5), (6), and (8a) in Eq. (7) to obtain:20
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Fig. 17. Velocity proﬁles for direct impact test at Vi = 35.1 m/s.This expression follows the trend of the data quite well.
For comparison purposes Fig. 14 includes the energies under
the stress-displacement responses up to the onset of densiﬁcation,
Uo(eDo), from the two lower velocity experiments that did not de-
velop shocks ( ) as well as the corresponding values from three
quasi-static crushing experiments ( ). Although this comparison
is not quite appropriate it shows qualitatively the difference be-
tween non-shock and shock behavior. The low impact velocity
experiments are considered next.
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Fig. 18. (a) DIC strain contours superposed on the photographic images that show localization at multiple fronts and their evolutions (Vi = 35.1 m/s). (b) The early part of the
stress history with numbered bullets corresponding to the images in (a).
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Previous studies have noted that the formation of shocks in cel-
lular materials, such as in the results described thus far, developswhen the specimen is impacted above a certain (critical) velocity
(e.g., Tan et al., 2005a; Tan et al., 2012). At lower impact speeds,
the crushing behavior is quite similar to that seen in quasi-static
crushing experiments (e.g., Fig. 1). In other words, localization
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cross section and is usually non-planar as shown in X-ray image
r of Fig. 1b. The local deformation subsequently spreads in either
direction and stops spreading when stiffer cells are encountered
causing localization to initiate at the next weakest site. This nucle-
ation and propagation of local crushing continues until the whole
specimen is crushed while the stress remains nearly constant. In
dynamic tests, given enough kinetic energy the crushed specimen
continues to deform ‘‘uniformly’’ at an increasing stress.
A select number of impact experiments were conducted at
velocities low enough to explore this behavior. Fig. 15a shows
the nominal stress-time history recorded in experiment DY13 in
which the foam specimen was accelerated with a backing mass
of 1561 g and impacted the anvil at a speed of 35.1 m/s
(see Table 1)—time zero corresponds to the time of ﬁrst contact
of the specimen with the anvil. The crushing was again monitored
with high-speed digital photography at 40,000 frames/sec. Fig. 16
shows a select set of images from the photographic record that cor-
respond to the numbered bullets on the stress history in Fig. 15a. In
this case the recorded stress is also plotted against the net shorten-
ing of the specimen (d), normalized by its initial length (ho), in
Fig. 15b. Included in the ﬁgure for comparison is the corresponding
response from one of the quasi-static experiments performed on a
specimen of the same geometry (QS3). As in the previous results
reported, the recorded stress does not exhibit the initial sharp rise
seen in the quasi-static response because of the mismatch at the
anvil/bar interface. This mismatch distorts the stress up to
t  0.3 ms. Beyond this time, the stress is seen to remain nearly
constant until the whole specimen is crushed. Interestingly, the
stress plateau is seen in Fig. 15b to be at about the same level as
in the quasi-static response. Fig. 17 shows the velocity of the back-
ing mass vs. time, which is seen to remain relatively unchanged for
about the ﬁrst two milliseconds.
Although the events reported can also be observed by sequenc-
ing through the complete video record (see movie ExpDY13V35 in
the supplementary data), they are harder to identify in the sparse
set of images shown in Fig. 16. However, the deformation of site A
is visible in image r at 0.25 ms. Image s at 0.475 ms shows the
growth of local deformation at both sites A and B. Between
0.40 ms and 0.675 ms crushing occurs mainly in zone B, which is
propagating to the left. In image t at 0.60 ms, the neighborhood
of zone B has developed some out of plane deformation in the form
of bending out of the plane of the photos. In imageu at 0.725 ms,
this bending is further accentuated and a surface depression has
developed. Between imageu andv at 0.90 ms crushing is mainly
taking place between zone B and A and this continues until
t = 1.05 ms. By this time the crushing front has reached zone A
which is now reactivated. In image w at 1.125 ms, the section be-
tween zone A and B is seen to be signiﬁcantly compacted. At
approximately t = 1.175 ms, a third zone of crushing, designated
as C, has developed closer to the backing mass. The compaction
of zone C as well as the material between zones B and A continues
in imagex at 1.30 ms. Some localized deformation can be seen in
the full record to take place beyond this point however, it becomes
increasingly less pronounced and harder to discern as deformation
becomes more uniform (e.g. images y and z at 1.425 ms and
1.55 ms respectively). Concurrently, the stress in Fig. 15a is starting
to rise. By about 1.5 ms a signiﬁcant amount of the kinetic energy
has been consumed and the backing mass is starting to decelerate.
Furthermore, as depicted in Fig. 17, the anvil and pressure bar are
starting to move. Despite these changes, the foam specimen con-
tinues to compact but at an increasing stress as shown in Figs. 15.
Information on the full-ﬁeld deformation history of the surface
of the specimen was also sought using DIC. Fig. 18a shows a set of
eight foam images with superposed color contours that represent
the axial strain evaluated from the DIC using the ARAMIS software.The correlation used to identify material points is performed over a
size of about 2  2 cells of the foam, and the strain measurements
are averaged over a length of about 0.15 in (3.8 mm). Because the
deformations sustained during crushing are large, for optimal re-
sults the intensity distribution between successive images was
correlated incrementally and the strain was accumulated over
time. However, even this procedure tends to fail when localized
strain levels of nearly 60% develop. For this reason, we limit atten-
tion to the early parts of the deformation history (t < 0.5 ms). The
corresponding stress history is shown expanded in Fig. 18b where
solid bullets correspond to 21 video images recorded at 0.025 ms
intervals after the specimen comes into contact with the anvil.
The eight images in Fig. 18a are numbered sequentially on the
stress response.
At ﬁrst impact with the anvil a narrow zone of the material
comes into contact with it and deforms as illustrated in image 1
in Fig. 18a at 0.025 ms. This local deformation is seen to become
more pronounced in image 2 at 0.075 ms. Image 3 at 0.125 ms
shows deformation to initiate further away from the anvil presum-
ably due to crushing of local weaker cells – designated as site A. In
image 4 at 0.175 ms the deformation at site A has grown and is
seen to be clearly separated from the one at the anvil. In image
5 at 0.225 ms, the deformation in site A has strengthened further
and spread while simultaneously localized deformation initiates at
a new site close to the the mid-length of the undeformed speci-
men, designated as site B. In image 6 at 0.275 ms, the local defor-
mation at site B has grown sufﬁciently to observe its distinctly
ragged, meandering proﬁle across the surface of the specimen.
Images 7 and 8 at 0.35 and 0.40 ms respectively show the defor-
mation at site B to be increasing and broadening and to be spread-
ing towards site A. Beyond this time the images loose correlation in
the high compaction zones and DIC does not provide meaningful
measurements of the strain.
In summary, at impact velocity of 35.1 m/s the specimen starts
to deform at the anvil, but subsequently deformation localizes at
other sites along the length, presumably where the material is
somewhat weaker. Although we are limited to surface observa-
tions, the localization bands do not have any preferred directions
but instead meander across the specimen where weaker sites
may exist. The local bands broaden and multiply with time while
the recorded stress remains relatively unchanged. This behavior
is deﬁnitely reminiscent of that observed in quasi-static experi-
ments where the development and spreading of localized buckling
and crushing inside the specimen was monitored using X-ray
tomography. Experiment DY9 in which the specimen was im-
pacted at 39 m/s exhibited the same general behavior. At these
two impact velocities the stress recorded at the anvil remained
1644 A.T. Barnes et al. / International Journal of Solids and Structures 51 (2014) 1631–1645nearly constant until most of the specimen was crushed and their
average values were 381 psi (2.63 MPa) for DY13 and 416 psi for
DY9 (2.87) (plotted in Fig. 11 with symbols). In other words,
stress levels that are similar to quasi-static crushing initiation
stress. If there is a dynamic enhancement of the stress level, as re-
ported by others, it is rather small and difﬁcult to discern due to
the noted scatter between specimens introduced by small varia-
tions in density and anisotropy. The main effect of inertia appears
to be an increase in the densiﬁcation strain induced during the
stress plateau as seen in Fig. 15b.
As mentioned earlier, the results in Fig. 10 clearly refute the r-p-
p-l assumption. In the way of improving on the strictness of this
assumption, some investigators adopted an estimate of eH based
on the rising part of quasi-static responses like the ones in Fig. 12.
To evaluate the validity of this assumption we replot the eH  r
Hugoniot generated from the shock experiments using a truncated
abscissa in Fig. 19. We include in this ﬁgure with dashed lines: (i)
the compressive stress-shortening response from one of the quasi-
static experiments beyond the onset of densiﬁcation (d=ho P
0:55); and (ii) the rising branch of the stress-shortening response re-
corded in theVi = 35.1 m/s (DY13, d=ho P 0:60). Comparing the qua-
si-static anddynamic results, it is clear that the shock-induced strain
is signiﬁcantly higher than that induced quasi-statically at the same
stress. The low velocity dynamic response is approximately parallel
to the quasi-static one but is also to the left of the eH  r data that
follow a less steep trajectory. These comparisons clearly indicate
that the rising parts of stress-shortening responses in experiments
that do not develop shocks are not related to the eH  r Hugoniot
and should not be used to calculate the Hugoniot.4. Summary and conclusions
Part I of this two-part series of papers has reported results
from a series of impact tests on Al-6101-T6 open-cell foam that
enable direct observation of the temporal evolution of localized
deformation in cylindrical specimens. The foam had a nearly
monodisperse polyhedral microstructure with a cell diameter of
about 2.5 mm and a relative density of about 8.3%. Circular
cylindrical specimens 50 mm in diameter and 100 mm long were
impacted at speeds in the range of 20–160 m/s using a gas gun.
Both direct and stationary impact tests were performed using a
backing mass for the former and a projectile for the latter. The
stress in either the proximal or distal end is recorded using a
pressure bar while the deformation of the foam is monitored with
high-speed photography.
Specimens impacted at velocities of 60 m/s and above
developed nearly planar shocks that propagated at well-deﬁned
velocities crushing the specimen. Synchronization of the data
acquisition with the digital video recording enables measurement
of the relevant shock parameters. The shock front is relatively
narrow involving an undeformed width of material that is of the
order of the cell diameter. The highly densiﬁed material behind
the shock is under a stress that is higher than the quasi-static
initiation stress and is compacted to a higher strain than the
quasi-static densiﬁcation strain. The material ahead of the shock
is under a relatively low stress that is bounded by the quasi-static
initiation stress that leaves it essentially undeformed. By selecting
the backing mass, enough kinetic energy was made available for
the shock to traverse the whole specimen (albeit at slowly decreas-
ing speed). At that point the densiﬁed specimen was subjected to
additional deformation.
The higher impact speed experiments enabled the determina-
tion of the shock-impact speed (_s Vb) Hugoniot directly from
the high-speed images recorded. Its linear trajectory, combined
with the three conservation laws, enable determination of all shockvariables without resorting to a constitutive model. The imagery
enabled also the determination of the Hugoniot strain-impact
speed (eH  Vb) relationship. It follows a nonlinear trajectory that
asymptotically approaches a strain of approximately 90% at the
highest velocities used in this work.
Conservation of momentum was used along with the measured
stress and velocities to evaluate the stress on the opposite side of
the specimen. The stress behind the shocks was found to increase
as V2b . The stress in front of the shock remained at a constant level
that approximately corresponds to the initiation stress recorded in
quasi-static crushing experiments. Finally, conservation of energy
is used to evaluate the energy consumed across the shock as a
function of impact speed. The energy consumed across a shock
exhibits a signiﬁcant increase with velocity.
Impact tests at speeds of 40 m/s and lower showed that the
specimens crushed in a manner that is similar to that seen in qua-
si-static experiments. Deformation localized at the weakest part
of the specimen, covered the whole cross section, but the band
was not planar and had no preferred direction. The crushed zone
subsequently spread in either direction and stopped propagating
when stiffer cells were encountered causing localization to initi-
ate at the next weakest site. The initiation and propagation of lo-
cal crushing continued until the whole specimen was crushed
while the stress remained nearly constant. The stress recorded
at the end ahead of the shock was found to trace a relatively con-
stant level that is comparable to the initiation stress of quasi-sta-
tic experiments. In other words, if a dynamic enhancement of this
stress does take place it was too small to differentiate from the
variability in the propagation stress caused by small differences
in the density and anisotropy between the specimens used. The
main effect of inertia was some increase in the densiﬁcation
strain at the end of the stress plateau. Given enough kinetic en-
ergy, the specimen continued to densify but with an increasing
stress. The resulting convex response recorded was different from
the quasi-static one.
The following conclusions can be drawn from the results:
a. As reported by others, foams impacted at higher velocities
develop shocks. For this material the transition to shock
behavior occurs between 40 and 60 m/s.
b. The shock front is narrow and nearly planar and its speed
increases linearlywithVb resulting ina linearVb  _sHugoniot.
c. The material is densiﬁed by the shock with the Hugoniot
strain increasing with impact speed, approaching asymptot-
ically approximately 90% at the higher velocities used.
d. The stress behind the shock (r) grows as V2b resulting in
signiﬁcant compaction of the material. The stress depen-
dence on velocity follows that of similar results reported in
Tan et al. (2012) for similar 10 and 40 ppi Duocel foams.
e. By contrast, the stress in front of the shock (r+) is at a rela-
tively low constant level. Since this part of the specimen is
essentially undeformed, this stress level must be bounded
to the initiation stress of the foam. At lower velocities r
approaches r+ from above, presumably joining it at the ‘‘crit-
ical’’ speed at which shock behavior commences.
f. At low impact speeds the stress is nearly constant throughout
the specimen and as a result localized crushing initiates pro-
gressively at multiple sites, similar to quasi-static crushing.
When the impact speed is sufﬁciently high to cause a stress
that is higher than the initiation stress a shock develops.
g. The experiments have shown that a complete description of
the shock behavior requires the measurement of the _s Vb
Hugoniot. Adoption of a constitutive model based on the
quasi-static crushing response is not appropriate in deter-
mining this Hugoniot or the variables not determined
directly from impact experiments.
A.T. Barnes et al. / International Journal of Solids and Structures 51 (2014) 1631–1645 1645Acknowledgments
The work reported was supported in part by the National Sci-
ence Foundation through Grant CMMI-1029575 and by the Univer-
sity of Texas at Austin. This support is acknowledged with thanks.
SK thanks S.R. Reid for discussions on experimental aspects of the
problem during a visit of the University of Aberdeen in 2009.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
theonline version, athttp://dx.doi.org/10.1016/j.ijsolstr.2013.11.019.References
Ashby, M.F., Evans, A., Fleck, N.A., Gibson, L.J., Hutchinson, J.W., Wadley, H.N.G.,
2000. Metal Foams: A Design Guide. Butterworth-Heinemann.
Barnes, A.T., 2012. On the Dynamic Crushing of Open-Cell Aluminum Foams. MS,
Thesis, Engineering Mechanics, University of Texas at Austin, Dec. 2012.
Bethe, H.A., 1942. On the theory of shock waves for an arbitrary equation of state.
Report No. 545 for the Ofﬁce of Scientiﬁc Research and Development, Serial No.
NDRC-B-237; reproduced in Classic Papers in Shock Compression Science,
Johnson, J.N., Cheret, R., (Eds), Springer, 1998, pp. 421–492).
Davison, L., 2008. Fundamentals of Shock Wave Propagation in Solids. Springer.
Elnasri, I., Pattofatto, S., Zhao, H., Tsitsiris, H., Hild, F., Girard, Y., 2007. Shock
enhancement of cellular structures under impact loading: Part I Experiments. J.
Mech. Phys. Solids 55, 2652–2671.
Gibson, L.J., Ashby, M.F., 1997. Cellular Solids: Structure and Properties, second ed.
Cambridge University Press.
Gong, L., Kyriakides, S., Jang, W.-Y., 2005. Compressive response of open-cell foams.
Part I: Morphology and elastic properties. Int. J. Solids Struct. 42, 1355–1379.
Herrmann, W., 1969. Constitutive equations for the dynamic compaction of ductile
porous materials. J. Appl. Phys. 40, 2490–2499.
Hilyard, N.C., Cunningham, A. (Eds.), 1994. Low Density Cellular Plastics: Physical
Basis of Behavior. Chapman & Hall, London.
Jang, W.-Y., Kyriakides, S., 2009. On the crushing of aluminum open-cell foams: part
I experiments. Int. J. Solids Struct. 46, 617–634.Lee, S., Barthelat, F., Moldovan, N., Espinosa, H.D., Wadley, H.N.G., 2006.
Deformation rate effects on failure modes of open-cell Al foams and textile
cellular materials. Int. J. Solids Struct. 43, 53–73.
Maines, W.R., Chhabildas, L., Reinhart, W.D., Thornhill III, T.F., 2010. High velocity
uniaxial strain response of ERG aerospace aluminum foam. In: Proc. ASME 2010
Pressure Vessels & Piping Div/K-PVP Conf., July 18–22, 2010, Bellevue,
Washington.
Marsh, S.P. (Ed.), 1980. LASL shock Hugoniot data. University of California Press,
Berkeley-Los Angeles-London, ISBN 0-520-04007-4, www.fas.org/sgp/othergov/
doe/lanl/docs1/shd.pdf.
Morris, C.E., 1991. Shock-wave equation-of-state studies at Los Alamos. Shock
Waves 1, 213–222.
Nemat-Nasser, S., Kang, W.J., McGee, J.D., Guo, W.-G., Isaacs, J.B., 2007. Experimental
investigation of energy-absorption characteristics of components of sandwich
structures. Int. J. Impact Eng. 34, 1119–1146.
Pattofatto, S., Elnasri, I., Zhao, H., Tsitsiris, H., Hild, F., Girard, Y., 2007. Shock
enhancement of cellular structures under impact loading: Part II Analysis. J.
Mech. Phys. Solids 55, 2672–2686.
Radford, D.D., Deshpande, V.S., Fleck, N.A., 2005. The use of metal foam
projectiles to simulate shock loading on a structure. Int. J. Impact Eng. 31,
1152–1171.
Reid, S.R., Peng, C., 1997. Dynamic uniaxial crushing of wood. Int. J. Impact Eng. 19,
531–570.
Skews, B.W., Atkinks, M.D., Seitz, M.W., 1991. Gas dynamic and physical behaviour
of compressible porous foams struck by a weak shock wave. In: Takayama, K.
(Ed.), Shock Waves, Proc. 18th Int’l Symp. on Shock Waves, Sendai, Japan, vol. 1,
pp. 511–516.
Tan, P.J., Reid, S.R., Harrigan, J.J., Zou, Z., Li, S., 2005a. Dynamic compressive strength
properties of aluminium foams. Part I - Experimental data and observations. J.
Mech. Phys. Solids 53, 2174–2205.
Tan, P.J., Reid, S.R., Harrigan, J.J., Zou, Z., Li, S., 2005b. Dynamic compressive strength
properties of aluminium foams. Part II - ‘Shock’ theory and comparison with
experimental data and numerical observations. J. Mech. Phys. Solids 53, 2206–
2230.
Tan, P.J., Reid, S.R., Harrigan, J.J., 2012. On the dynamic mechanical properties of
open-cell metal foams–a reassessment of the ‘simple-shock theory’. Int. J. Solids
Struct. 49, 2744–2753.
Zaretsky, E., Ben-Dor, G., 1995. Compressive stress–strain relations and shock
Hugoniot curves for ﬂexible foams. ASME J. Eng. Mater. Technol. 117, 278–
284.
Zaretsky, E., Asaf, Z., Ran, E., Aizik, F., 2012. Impact response of high density ﬂexible
polyurethane foam. Int. J. Impact Eng. 39, 1–7.
